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The  development  of  a  cathode  catalyst  layer  based  on  a  supported  Pt  catalyst  using  an  ordered  mesoporous 
carbon  (OMC)  for  direct  methanol  fuel  cell  is  reported.  An  OMC  with  a  mesopore  structure  between  hexag- 
onally  arranged  carbon  nanorods  is  prepared  using  a  template  method.  Platinum  nanoparticles  are  sup¬ 
ported  on  the  OMC  (Pt/OMC)  with  high  metal  loading  of  60  wt.%.  Compositional  and  morphological  varia¬ 
tions  are  made  by  varying  the  ionomer  content  and  by  compressing  the  catalyst  layer  to  detect  a  parameter 
that  determines  the  power  performance.  Increase  in  power  density  with  decrease  in  the  volume  fraction 
of  ionomer  in  the  agglomerate  comprising  the  Pt/OMC  and  the  ionomer  indicates  that  mass  transport 
through  the  ionomer  phase  governs  the  kinetics  of  oxygen  reduction.  Impedance  spectroscopic  analysis 
suggests  that  a  significant  mass-transport  limitation  occurs  at  high  ionomer  content  and  in  the  compressed 
cathode.  The  power  density  of  the  optimum  cathode  layer,  which  employs  a  Pt/OMC  catalyst  with  a  Pt  load¬ 
ing  of  2  mg  cm-2 ,  is  greater  than  that  of  a  catalyst  layer  with  6  mg  cm-2  Pt-black  catalyst  at  a  voltage  higher 
than  0.4  V.  This  would  lead  to  a  significant  reduction  in  the  cost  of  the  membrane  electrode  assembly. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Recently,  novel  nanostructured  carbon  materials  have  attracted 
much  interest  as  electrocatalyst  supports  for  fuel  cell  applications 
because  of  their  excellent  electrical  and  mechanical  properties.  The 
examples  are  supports  produced  from  carbon  nanofibres  [1-4], 
carbon  nanotubes  [5-7],  carbon  aerogels  [8-11  ]  and  ordered  meso¬ 
porous  carbons  (OMCs)  [12-17].  Among  these  nanostructured 
carbons,  OMCs  are  highly  intriguing  as  carbon  supports  for  fuel  cell 
application  on  account  of  their  ordered  pore  structure.  The  OMC 
is  constructed  of  periodic  arrays  of  carbon  nanorods  or  nanopipes, 
with  uniform  mesopores  existing  between  them. 

The  performance  of  the  catalyst  layer  is  generally  dependent 
on  its  compositional  and  morphological  characteristics  and  on  the 
optimization  of  properties  such  as  catalyst  loading,  ionomer  con¬ 
tent  and  porosity  in  conjunction  with  the  structure  of  the  catalyst 
employed.  Intensive  research  has  been  devoted  to  optimization  of 
the  structure  and  composition  of  the  catalyst  layer  [18-32].  Some 
studies  have  focused  on  the  effects  of  ionomer  loading  [18-28]. 
Addition  of  Nation®  (a  proton-conducting  ionomer)  to  the  cata¬ 
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lyst  layer  enhances  fuel  cell  performance  due  to  increased  proton 
transport  through  the  catalyst  layer  and  increased  catalyst  utiliza¬ 
tion.  Above  a  certain  amount  of  ionomer,  the  cell  performance 
often  decreases,  which  is  attributed  to  mass-transport  limitation 
by  the  thick  ionomer  phase  covering  the  catalysts  or  to  an  increase 
in  resistance  by  non-electronic  conductive  ionomers  in  the  cata¬ 
lyst  layer.  Ionomer  loading  depends  mostly  on  the  catalyst  type: 
black  or  supported  [28].  Compared  with  unsupported  catalyst,  sup¬ 
ported  catalysts  generally  require  considerably  higher  amounts  of 
ionomer  [28].  Also,  the  supported  catalyst  generates  a  thicker  cat¬ 
alyst  layer  although  it  has  the  same  amount  of  catalyst  loading  on 
the  membrane  electrode  assembly  (MEA)  as  that  of  the  black  cata¬ 
lyst  based  on  the  weight  of  active  metal,  which  is  attributed  to  the 
large  volume  of  the  supporting  material. 

The  present  study  deals  with  the  development  of  a  cathode 
catalyst  layer  based  on  a  supported  Pt  catalyst  on  OMC  (Pt/OMC) 
for  application  in  a  direct  methanol  fuel  cell  (DMFC).  This  con¬ 
siders  a  balance  between  proton  conduction  and  mass  transport 
through  the  catalyst  layer.  Compositional  and  morphological  vari¬ 
ations  are  made  by  varying  ionomer  content  and  by  compressing 
the  catalyst  layer.  Current-voltage  behaviour  and  electrochemical 
impedance  are  investigated  for  the  catalyst  layers.  An  attempt  is 
made  to  determine  which  structural  parameter  of  the  catalyst  layer 
governs  power  performance.  In  addition,  the  power  performance  of 
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the  optimized  Pt/OMC  cathode  is  compared  with  that  of  a  cathode 
based  on  unsupported  Pt-black  catalyst  to  explore  the  possibility  of 
reducing  the  amount  of  Pt  without  loss  in  the  power  performance 
ofaDMFC. 

2.  Experimental 

2.1.  Synthesis  of  ordered  mesoporous  silica  and  carbon 

Hexagonally  ordered  mesoporous  silica  (OMS)  with  large  pores 
was  used  as  a  template  for  the  synthesis  of  OMC.  The  synthesis 
of  OMS  was  performed  via  the  method  reported  previously  [17], 
which  used  Pluronic  P123  triblock  copolymer  as  a  supramolecular 
template  and  sodium  silicate  as  a  silica  source  under  near-neutral 
conditions.  PI 23  triblock  copolymer  and  sodium  silicate  solution  of 
Na/Si  =  2.5  ( 10  wt.%  Si02 )  were  mixed  in  de-ionized  water,  followed 
by  the  addition  of  acetic  acid  solution  to  neutralize  the  mixture 
and  polymerize  the  silicate  species.  The  gel  mixture  was  stirred  at 
45  °C  for  20  h  and  placed  in  an  oven  at  100  °C  for  24  h  under  static 
conditions.  The  silica  precipitate  was  filtered,  washed  with  distilled 
water,  and  dried  in  an  oven.  The  product  was  finally  calcinated  in 
static  air  at  550  °C  for  3  h. 

From  the  above-synthesized  OMS  template,  the  hexagonally 
ordered  OMC  was  replicated  using  phenanthrene  precursors.  The 
synthesis  of  OMC  derived  from  phenanthrene  has  been  reported 
elsewhere  [17].  The  carbon  precursor  solution  was  prepared  by 
dissolving  a  0.7  g  of  phenanthrene  and  2.1  g  of  p-toluenesulfonic 
acid  in  7  ml  of  acetone.  The  precursor  solution  was  divided  into 
three  portions.  After  impregnating  the  precursor  solution  into  1  g 
of  OMS  template  using  an  incipient  wetness  method,  the  mixture 
was  dried  at  100  °C  and  subsequently  at  160  °C.  The  impregnation¬ 
drying  step  was  repeated  twice  to  completely  infiltrate  the  internal 
pores  of  OMS  template  with  carbon  sources.  The  mixture  was  then 
carbonized  by  heating  to  1100  °C  under  nitrogen  flow  for  2  h.  Finally, 
the  silica  templates  were  dissolved  at  room  temperature  using  10% 
HF  in  de-ionized  water-ethanol  solution. 

2.2.  Preparation  of  OMC-supported  Pt  catalyst 

A  0.5  g  sample  of  OMC  was  mixed  with  1.5  ml  of  acetone  solu¬ 
tion  containing  H2PtCl6xH20  (Umicore)  using  an  incipient  wetness 
method.  The  amount  of  H2  PtCl6  xH2  O  in  the  solution  was  controlled 
to  obtain  a  metal  loading  of  60  wt.%.  After  being  dried  overnight  in 
an  oven  at  60  °C,  the  impregnated  OMC  material  was  heated  in  a 
hydrogen  flow  to  200  °C  and  kept  for  2  h  at  the  same  temperature. 
The  adsorbed  hydrogen  was  removed  by  heating  to  350  °C  and  kept 
for  2  h  under  nitrogen  flow.  The  sample  thus  prepared  was  denoted 
as  Pt/OMC.  The  size  of  the  Pt  particles  was  measured  from  the  X-ray 
diffraction  (XRD)  patterns  obtained  using  a  Philips  X’pert  Pro  X-ray 
diffractometer  equipped  with  a  Cu  Ka  source  at  40  kV  and  30  mA. 
Transmission  electron  microscope  (TEM)  images  were  taken  with  a 
G2  FE-TEM  Tecnai  microscope  at  an  accelerating  voltage  of  200  kV. 
Scanning  electron  microscope  (SEM)  images  were  obtained  with 
a  Hitachi  S-4500  field  emission  scanning  electron  microscope  at 
20  kV. 

2.3.  Preparation  of  catalyst  layer  based  on  Pt/OMC 

Pt/OMC  and  PtRu  black  (Johnson  Matthey,  Hispec  6000)  were 
used  as  catalysts  for  the  cathode  and  the  anode,  respectively.  Cath¬ 
ode  catalyst  ink,  consisting  of  appropriate  amounts  of  Pt/OMC 
catalyst,  Nation®  solution  (5  wt.%,  1100  EW,  DuPont)  and  isopropyl 
alcohol,  was  homogenized  to  disperse  the  catalyst.  The  weight  ratio 
of  the  ionomer  and  Pt/OMC  catalyst  (Ri)  (dry  weight)  was  varied 
as  0.12,  0.18,  0.30  and  0.45.  The  slurry  with  the  unsupported  PtRu 


catalyst  for  the  anode  catalyst  layer  was  prepared  in  the  same  man¬ 
ner.  The  weight  ratio  of  the  ionomer  and  PtRu  black  catalyst  was 
maintained  at  0.12,  irrespective  of  the  cathode  composition. 

The  catalyst  ink  was  sprayed  directly  on  to  a  Nation®  115  mem¬ 
brane  to  form  a  so-called  catalyst  coated  membrane  (CCM).  The 
membrane  was  held  on  a  vacuum  plate  to  prevent  dimensional 
change  of  the  membrane  during  the  direct  coating  of  the  ink.  The 
cathode  catalyst  ink  was  coated  on  one  side  of  the  membrane  fol¬ 
lowed  by  drying  at  60  °C  under  vacuum  for  2h.  On  the  uncoated 
side  of  the  cathode-coated  membrane,  the  anode  catalyst  ink  was 
applied  in  the  same  manner.  The  Pt  loading  (LLPt)  for  the  cathode 
and  the  anode  was  around  2  and  6  mg  cm-2,  respectively.  As  a  ref¬ 
erence,  the  catalyst  layer  based  on  unsupported  Pt-black  (Johnson 
Matthey,  Hispec  1000)  at  a  loading  level  of  6  mg  cm-2  was  also 
prepared.  The  geometric  area  of  the  catalyst  layers  was  25  cm2. 

In  order  to  produce  a  catalyst  layer  with  lower  porosity,  the 
cathode-coated  membranes  were  compressed  at  30  MPa  and  at 
135  °C  for  5  min  before  the  subsequent  anode  coating  was  per¬ 
formed.  As  a  diffusion  layer,  35  BC  (SGL,  Germany)  was  used  for 
both  the  cathode  and  the  anode.  The  MEAs  were  prepared  by  press¬ 
ing  the  CCM  and  two  diffusion  layers  at  125  °C  and  at  51  MPa.  The 
morphology  of  the  catalyst  layers  was  observed  by  means  of  SEM. 

2.4.  Electrochemical  characterization 

The  MEAs  were  sandwiched  between  two  plates  with  triple  ser¬ 
pentine  flow  channels  and  then  mechanically  pressed,  to  ensure  a 
tight  seal.  An  electrical  heater  and  thermocouple  were  embedded 
in  the  plates  for  temperature  control.  One  molar  aqueous  methanol 
solution  was  pumped  to  the  anode  side  at  a  stoichiometry  of  3. 
Ambient  air  was  fed  by  a  pump  into  the  cathode  side  at  a  stoichiom¬ 
etry  of  3  and  at  ambient  back-pressure.  The  MEAs  were  conditioned 
by  operation  at  0.4  V  and  at  50  °C  for  2  h.  After  the  conditioning,  l-V 
polarization  was  successively  obtained  at  50, 60  and  70  °C.  This  pro¬ 
cess  was  repeated  for  7  days.  The  power  performance  was  generally 
increased  and  stabilized  within  the  first  5  days.  A  further  test  for 
two  more  days  did  not  cause  any  change  in  performance.  The  l-V 
polarizations  measured  at  the  fifth  day  are  presented  in  this  study. 

Electrochemical  impedances  of  the  MEAs  were  recorded  with  a 
IM6  system  (Zahner,  Germany)  at  70  °C  in  the  frequency  range  from 
10  kHz  to  0.1  Hz.  The  impedances  were  measured  under  galvano- 
static  control.  The  amplitude  of  the  sinusoidal  voltage  signal  was 
set  at  5  mV.  In  order  to  separate  anode  and  cathode  impedances 
from  the  total  cell  impedance,  the  anode  impedance  produced 
by  the  injection  of  hydrogen  into  the  cathode  compartment  was 
measured.  By  subtracting  the  anode  impedance  from  the  total  cell 
impedance,  cathode  impedance  can  be  extracted  [33,34]. 

The  double-layer  capacitance  of  the  cathode  catalyst  layer  was 
measured  using  a  cyclic  voltammetry  technique  [27].  The  double¬ 
layer  capacitance  was  calculated  from  the  change  in  the  capacitive 
current  with  scan  rate.  The  working  electrode  compartment  (cath¬ 
ode)  was  supplied  with  fully  humidified  nitrogen,  whereas  the 
counter  and  reference  electrode  compartments  (anode)  were  fed 
with  fully  humidified  hydrogen,  which  acted  as  dynamic  hydrogen 
electrode  (DHE).  The  potential  was  scanned  from  0.09  to  0.8  versus 
DHE  at  60  °C  with  sweep  rates  of  20,  50,  80  and  100  mV  s-1 . 

3.  Results  and  discussion 

3.1.  Characterization  of  Pt/OMC  catalyst 

The  morphology  and  pore  structure  of  OMS  and  OMC  were 
examined  by  means  of  SEM  and  TEM,  respectively,  as  shown  in 
Fig.  1.  The  SEM  image  in  Fig.  1(a)  shows  that  OMS  is  composed  of 
200-300  nm  spherical  particles.  As  seen  in  Fig.  1(b),  OMC  exhibits 
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Fig.  1.  SEM  images  of  (a)  OMS  and  (b)  OMC,  and  TEM  images  of  (c)  OMS  and  (d)  OMC. 


similar  particle  morphology  and  size  and  this  indicates  that  the 
particle  shape  was  maintained  during  the  carbonization  and  sub¬ 
sequent  removal  of  the  OMS  template  without  any  significant 
modification  or  alternation.  The  internal  pore  structures  of  OMS 
and  OMC  were  observed  with  TEM,  as  shown  in  Fig.  1(c)  and  (d), 
respectively.  The  TEM  image  for  OMS  (Fig.  1(c))  reveals  that  uni¬ 
form  mesopores  are  periodically  arranged  along  and  perpendicular 
to  the  direction  of  the  hexagonal  pore  arrangement.  The  TEM  image 
of  OMC  in  Fig.  1(d)  clearly  reveals  that  the  pore  structure  of  the  car¬ 
bon  is  an  exactly  inverse  replica  of  OMS,  in  that  the  pores  and  the 
walls  of  OMS  are  converted  to  carbon  nanorods  and  mesopores  of 
OMC,  respectively. 

The  structure  of  Pt/OMC  was  characterized  with  TEM  and  XRD 
techniques.  The  TEM  image  of  Pt/OMC  (Fig.  2(a))  indicates  that 
Pt  nanoparticles  are  uniformly  produced  on  the  surface  of  OMC. 
The  mean  diameter  determined  from  the  TEM  image  is  2.85  nm. 
The  XRD  patterns  for  60wt.%  Pt-loaded  OMC  (Pt/OMC)  presented 
in  Fig.  2(b)  exhibit  distinct  peaks  at  around  39.8,  46.3  and  67.5, 
which  correspond  to  the  (1  1  1 ),  (2  0  0)  and  (2  2  0)  planes  of  a  face- 
centered  cubic  structure,  respectively.  The  average  particle  size  of 
the  catalysts  estimated  by  means  of  the  Debye-Scherrer  equation  is 
2.86  nm,  i.e.,  a  value  which  is  in  good  agreement  with  that  estimated 
from  TEM  analysis. 

3.2.  Structural  characteristics  of  Pt/OMC-based  catalyst  layers 

The  characteristics  of  the  catalyst  layers  studied  in  this  work  are 
listed  in  Table  1.  M18-U,  M30-U  and  M45-U  are  the  uncompressed 
catalyst  layers,  in  which  the  ionomer  contents  are  0.18,  0.30  and 


0.45,  respectively.  M18-C,  M30-C  and  M45-C  were  prepared  by  the 
compression  of  M18-U,  M30-U  and  M45-U,  respectively.  The  thick¬ 
ness  of  the  uncompressed  catalyst  layers  is  70, 128  and  132  p,m  for 
corresponding  ionomer  contents  of  0.18,  0.30  and  0.45.  The  thick¬ 
ness  of  the  compressed  cathode  was  found  to  be  64,  53  and  48% 
of  the  original  thickness  for  ionomer  contents  of  0.18,  0.30  and 
0.45,  respectively.  At  an  ionomer  content  of  0.12,  the  mechanical 
integrity  of  the  catalyst  layer  is  poor.  This  is  attributed  to  the  fact 
that  the  ionomer  content  is  inadequate  to  bind  Pt/OMC  catalysts 
effectively.  At  ionomer  contents  higher  than  0.12,  the  catalyst  lay¬ 
ers  reveal  acceptable  mechanical  integrity  and  are  therefore  used 
for  MEA  preparation. 

The  morphology  of  the  Pt/OMC-based  catalyst  layers  was 
observed  with  SEM,  as  shown  in  Fig.  3.  These  are  featured  by 
the  formation  of  agglomerates  of  the  Pt/OMC  and  ionomer  and  of 
pores  between  these  agglomerates.  The  agglomerate  size  is  in  the 
range  of  200-1000  nm.  Considering  that  the  size  of  the  pristine 
OMC  is  200-300  nm,  several  Pt/OMC  particles  are  included  in  the 
agglomerate.  The  variation  of  ionomer  content  does  not  cause  an 
appreciable  change  in  the  size  of  the  agglomerates.  For  the  uncom¬ 
pressed  catalyst  layers,  the  porosity  appears  to  be  larger  at  higher 
ionomer  contents.  After  compression,  densification  of  the  catalyst 
layer  is  observed.  On  the  other  hand,  the  size  of  the  agglomerates  is 
little  affected  by  the  compression,  as  shown  in  Fig.  3.  This  indicates 
that  macropores  between  the  agglomerates  are  reduced  during  the 
compression  process.  The  compressed  catalyst  layers  do  not  differ 
in  their  pore  structures. 

In  order  to  identify  fundamental  parameters  that  determine  the 
power  performance  of  the  Pt/OMC-based  catalyst  layer,  an  analy- 
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Table  1 

Physical  parameters  of  catalyst  layers  based  on  Pt/OMC  catalyst 
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sis  examining  structural  features  such  as  ionomer  volume  fraction 
(£i),  catalyst  volume  fraction  (£C),  total  porosity  (£T)  and  ionomer 
volume  fraction  in  the  agglomerate  (£i_agg)  is  warranted.  To  gener¬ 
ate  binding  of  the  catalyst  and  a  continuous  ion-conducing  phase, 
£i  should  be  higher  than  a  certain  level  [27].  As  reported  by  Boyer 
et  al.  [35],  the  ionic  conductivity  of  the  catalyst  layer  is  correlated 
with  the  proton  conductivity  of  ionomer  by 

crd=a0ey  (1) 

where  crch  <j0  and  n  are  the  ionic  conductivity  of  catalyst  layer,  the 
ionic  conductivity  of  the  ionomer  and  an  exponent  that  depends 
on  the  microstructure  and  tortuosity  of  the  ionomer  phase,  respec¬ 
tively.  Typical  values  of  the  exponent  n  are  in  the  range  from  1.2 
to  4.5  [35-37].  From  the  theory  of  Bruggeman  [37],  the  expo¬ 
nent  equals  1.5.  £C  is  based  on  the  solid  portion  of  Pt/OMC  and 


Fig.  2.  (a)  TEM  image  and  (b)  XRD  pattern  for  Pt/OMC  catalyst. 


can  be  regarded  as  the  volume  fraction  of  the  electron-conducting 
medium.  £T  represents  the  portion  of  the  space  that  is  occupied 
by  neither  the  electrolyte  nor  the  catalyst.  It  includes  mesopores 
within  the  OMC  and  macropores  between  the  agglomerates.  The 
pores  in  the  catalyst  layer  act  as  a  pathway  for  oxygen  transport 
and  by-product  (water)  transport  and  £T  indicates  the  capability 
for  mass  transport.  According  to  the  agglomerate  model  [25,38], 
ionomer  coats  catalyst  aggregates,  forming  a  secondary  particle. 
Oxygen  should  pass  through  the  ionomer  phase  in  the  agglomer¬ 
ate  to  reach  the  catalyst  surface  to  facilitate  the  oxygen-reduction 
reaction  in  this  model.  Also,  water  has  to  be  removed  from  the  cat¬ 
alyst  surface  and  water  diffusion  through  the  ionomer  phase  in  the 
agglomerate  is  included  in  the  removal  process.  The  oxygen  and 
water  diffusion  through  the  agglomerate  depends  on  the  size  of 
the  agglomerate  and  on  £i-agg.  The  thickness  of  ionomer  layer  cov¬ 
ering  catalyst  particle  increases  with  £i_agg  at  a  fixed  agglomerate 
size.  Therefore,  £i_agg  is  an  important  structural  parameter  relating 
to  any  diffusion  process  in  the  agglomerate.  From  the  SEM  images 
shown  in  Fig.  3,  the  agglomerate  model  appears  to  be  appropriate 
to  describe  the  Pt/OMC-based  catalyst  layers. 

From  the  composition  and  thickness  of  the  catalyst  layer,  S\,  £C 
and  £T  were  calculated  using  the  following  equations: 


£\  = 

(2) 

£c  = 

/  1  1  0.4\ 

VPpt  Pomc  0.6/ 

LLPt 

xi7 

(3) 

£T  = 

1  -  S\  -  Sq 

(4) 

where  p\,  ppt,  Pomc  and  lc\  are  the  densities  of  the  ionomer 
(Nafion®),  Pt  and  OMC,  and  the  thickness  of  catalyst  layer,  respec¬ 
tively.  The  values  of  p\,  pPt  and  Pomc  are  2.11, 21.4  and  2.26 gem-3, 
respectively.  £i-agg  was  also  calculated  from  £\  and  £c  as  follows: 


The  values  of  Si,  £C,  £t  and  £i_agg  are  listed  in  Table  1.  Increase 
in  the  ionomer  content  and  the  catalyst  layer  compaction  lead  to 
increase  of  £\.  £T  is  little  affected  by  the  ionomer  content,  whereas 
it  is  considerably  reduced  by  the  compression.  £C  decreases  with 
increase  in  ionomer  content  and  increases  with  compression. 

3.3.  Relationship  between  structural  parameters  and  power 
performance 

Fig.  4  and  Table  2  represent  l-V  characteristics  on  the  fifth  day 
at  50, 60  and  70  °C,  and  power  densities  at  0.45  V,  respectively.  The 
operating  voltage  was  chosen  considering  a  balance  between  power 
density  and  energy  efficiency.  Operation  at  lower  voltage  generates 
high  power  density,  and  thus  size  reduction  of  the  stack  is  possi¬ 
ble.  On  the  other  hand,  energy  efficiency  decreases  on  lowering  the 
voltage,  which  requires  a  larger  fuel  tank  for  a  given  energy  con¬ 
sumption.  As  a  result  of  the  optimization  to  yield  a  smaller  total 
system,  an  operating  voltage  of  0.45  V  is  chosen.  Dry  air  and  1  M 
aqueous  methanol  solution  were  used  as  feedstocks  for  the  cath- 
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X  1000  30  pm  X 10000  3  pm  X  100000  300nm 


Fig.  3.  SEM  images  of  (a)  M18-U,  (b)  M18-C,  (c)  M30-U,  (d)  M30-C,  (e)  M45-U  and  (f)  M45-C  (magnification:  1000  x  for  figure  on  left-hand  side,  10,000  x  for  figure  in  centre 
and  100,000x  for  figure  on  right-hand  side). 


ode  and  the  anode,  respectively.  At  the  temperatures  measured, 
uncompressed  MEAs  show  higher  power  density  at  0.45  V  than 
compressed  MEAs  at  the  same  ionomer  content.  The  change  in  the 
ionomer  content  results  in  a  more  pronounced  change  than  com¬ 
pression,  which  is  consistent  with  a  previously  reported  result  on  a 
supported  catalyst  [39].  As  indicated  from  the  change  in  £j  and  the 


SEM  images  (Fig.  3),  the  catalyst  layer  becomes  more  compact  after 
compression,  which  will  reduce  mass  transport  in  the  electrode. 
By  contrast,  the  ionic  conductivity  in  the  catalyst  layer  (crcl)  should 
increase  with  compression  due  to  the  increased  sh  as  shown  by  Eq. 
(1),  which  will  be  confirmed  by  the  impedance  analysis  described 
in  Section  3.4.  The  decrease  in  performance  with  the  compression 
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Fig.  4.  I-V polarization  for  MEAs  based  on  Pt/OMC  catalyst  at  (a)  50  °C,  (b)  60  °C  and 
(c)  70 °C  (cathode  feed:  air,  anode  feed:  1  M  CH3OH,  stoichiometry  for  cathode:  3 
and  stoichiometry  for  anode:  3). 


shows  that  mass  transport  is  more  important  than  ionic  transport 
for  the  Pt/OMC-based  catalyst  layers.  A  similar  finding  was  reported 
for  a  PtRu/C-supported  catalyst  based  on  Vulcan  XC-72  [40];  the 
compaction  of  the  anode  catalyst  layer  led  to  a  decrease  in  perfor¬ 
mance  by  23%  due  to  the  increased  mass-transport  limitation. 

For  both  the  uncompressed  and  compressed  series  of  MEAs, 
the  power  density  increases  with  decrease  in  the  ionomer  content 
above  150  mA cm-2.  Below  150  mA cm-2,  however,  the  difference 
is  less  pronounced;  the  power  density  of  M45-U  appears  to  be  com¬ 
parable  with  that  of  M18-U.  The  large  difference  in  power  densities 


Table  2 

Power  density  at  0.45  V  for  Pt/OMC-based  catalyst  layers  at  50,  60  and  70  °C 


Sample 

Power  density  at  0.45  V  (mW cm-2) 

50°C 

60  °C 

70  °C 

M18-U 

64.0 

86.2 

104.2 

M18-C 

59.4 

80.8 

99.7 

M30-U 

54.9 

76.3 

91.1 

M30-C 

45.9 

67.7 

82.0 

M45-U 

56.7 

68.2 

77.5 

M45-C 

41.4 

61.9 

71.8 

at  high  current  densities  indicates  a  considerable  mass-transport 
limitation  at  high  ionomer  content. 

When  conventional  Pt-supported  carbon  is  used,  there  is  an 
optimum  value  of  ionomer  content  in  the  catalyst  layer  to  obtain 
the  best  performance  [25].  Even  though  the  existence  of  an  opti¬ 
mum  at  lower  ionomer  content  is  expected  for  a  Pt/OMC-based 
catalyst  layer,  it  is  not  possible  to  confirm  this  because  the  mechan¬ 
ical  integrity  of  the  catalyst  layer  is  not  sufficient  to  obtain  reliable 
data  below  an  R\  of  0.18.  An  improvement  in  the  formation  of  the 
three-dimensional  network  of  the  ionomer  phase  which  provides 
mechanical  integrity  is  needed  to  confirm  the  existence  of  an  opti¬ 
mum  at  lower  content  of  ionomer. 

The  relationship  between  the  structural  parameters  of  the  cata¬ 
lyst  layer  and  the  power  performance  was  investigated.  Fig.  5  shows 
the  changes  in  power  density  with  £C ,  £t  and  £i_agg.  £\  and  £j  are 
not  correlated  with  the  power  density,  as  shown  in  Fig.  5(a)  and  (c), 
respectively.  The  increase  in  £C  appears  to  enhance  power  density 
for  both  uncompressed  and  compressed  samples.  Nevertheless,  the 
uncompressed  and  the  compressed  sample  series  exhibit  a  divided 
domain  in  the  plot  (Fig.  5(b)),  which  indicates  that  £C  is  not  a 
decisive  determinant  of  power  performance.  Interestingly,  a  strong 
correlation  between  £i-agg  and  power  density  is  observed,  as  dis¬ 
played  in  Fig.  5(d).  Both  the  uncompressed  and  compressed  series 
show  a  decreasing  tendency  of  power  density  with  increase  in  £i-agg. 
The  inverse  relationship  between  £i_agg  and  power  performance 
suggests  that  the  diffusion  process  through  the  ionomer  phase  in 
the  agglomerate  dominates  the  oxygen  reduction  reaction.  With 
increase  in  £i-agg,  the  thickness  of  the  ionomer  phase  covering  the 
Pt/OMC  agglomerate  is  also  increased,  which  results  in  an  increase 
in  the  diffusion  path  for  oxygen  and  water.  The  gap  in  the  power 
density  between  the  compressed  and  uncompressed  series  would 
correspond  to  the  effect  of  the  contraction  in  macropores  that  is 
observed  from  SEM  studies  (see  Fig.  3).  From  these  analyses,  it  can 
be  concluded  that  the  mass-transport  process  governs  the  oxygen 
reduction  reaction  in  the  Pt/OMC-based  cathode  catalyst  layer. 

3.4.  Impedance  analysis  of  Pt/OMC  cathode 

The  electrochemical  characteristics  of  the  catalyst  layer  were 
further  investigated  by  means  of  electrochemical  impedance  spec¬ 
troscopy.  As  described  in  Section  2,  the  cathode  impedance  was 
extracted  from  the  total  impedance.  The  total,  anode  and  cathode 
impedances  of  M30-U  are  presented  in  Fig.  6.  The  ohmic  resis¬ 
tance,  which  involves  contributions  from  the  membrane  resistance 
and  the  electronic  resistance,  corresponds  to  the  intercept  in  the 
high-frequency  domain  on  the  Z-axis  in  the  total  impedance  spec¬ 
trum  (Fig.  6(a)).  The  value  for  the  ohmic  resistance  is  0.12  £2  cm2 
and  shows  no  change  with  current  density.  The  semi-circle  in  the 
middle-frequency  region  of  the  total  impedance  represents  the 
fuel-cell  reaction  kinetics,  with  contributions  from  the  cathodic 
oxygen-reduction  process  and  the  anodic  methanol-oxidation  pro¬ 
cess.  At  low  frequencies,  instability  in  impedance  is  observed, 
which  means  that  the  impedance  fluctuates  over  a  relatively  long 
time-scale  during  the  measurement.  In  general,  the  impedance 
at  low  frequency  is  related  to  a  mass-transport  process,  which  is 
the  longest  process  occurring  in  the  MEA.  The  anode  impedance 
shown  in  Fig.  6(b)  exhibits  a  typical  feature  of  a  methanol  oxidation 
reaction;  the  size  of  the  middle-frequency  semi-circle  decreases 
with  current  density,  indicating  faster  electrochemical  methanol 
oxidation.  The  cathode  impedance  obtained  by  subtracting  the 
anode  impedance  from  the  total  impedance  (Fig.  6(c))  shows  sig¬ 
nificant  instability  at  low  frequencies.  Thus  the  instability  in  the 
total  impedance  is  due  to  cathode  performance. 

The  cathode  impedance  reveals  a  linear  relationship  between 
Z"  and  Z'  in  the  high-frequency  region,  as  shown  in  Fig.  7(a).  In  this 
region,  Faradaic  processes  are  not  significant;  double-layer  charg- 
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ing  effects  and  proton  transport  through  the  catalyst  layer  dominate 
the  overall  electrode  response  which  is  typical  of  a  porous  electrode 
[27,41,42].  Accordingly,  impedance  can  be  expressed  in  terms  of  the 
ionic  resistance  (. Rc\ ),  double-layer  capacitance  (Cdl)  of  the  cathode 
catalyst  layer  and  frequency  (co)  as  follows: 


The  ratio  of  the  ionic  resistance  and  the  double-layer  capacitance 
is  determined  by  fitting  the  linear  region  with  Eq.  (6).  The  double¬ 
layer  capacitance  is  obtained  from  the  capacitive  charging  current 


Fig.  5.  Plot  of  power  density  at  70  °C  and  0.45  V  as  function  of  (a)  S\,  (b)  8q,  (c)  et 

and  (d)  £i_agg. 
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Fig.  6.  Typical  Nyquist  plot  of  (a)  total  impedance,  (b)  anode  impedance  and  (c) 
cathode  impedance  measured  using  M30-U  at  70  °C. 


of  cyclic  voltammograms,  as  described  above.  The  ionic  resistance 
is  then  calculated. 

Values  of  the  double-layer  capacitance  and  the  ionic  resistance 
of  the  Pt/OMC-based  catalyst  layers  at  70  °C  are  listed  in  Table  3  and 
are  plotted  as  a  function  of  £\  in  Fig.  7(b).  The  Cdl  appears  to  show 
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Fig.  7.  (a)  Linear  region  in  Nyquist  plot  of  cathode  impedance  for  M30-U  measured  at 
70  °C  and  (b)  plot  of  ionic  resistance  and  double-layer  capacitance  of  Pt/OMC-based 
catalyst  at  70  °C  as  function  of  £\. 


a  weak  increase  from  0.33  to  0.40  F  cm-2  and  Rc\  decreases  from 
0.49  to  0.19  £2  cm2.  According  to  a  previous  report  [27]  on  the  effect 
of  ionomer  on  the  DMFC  anode  catalyst  layer,  the  Cdl  of  the  PtRu- 
black-based  catalyst  layer  in  the  range  of  0.16-0.21  Fcnrr2  with  a 
PtRu  loading  of  1.4-2.3  mg  cm-2  and  the  maximum  occurs  at  an 
intermediate  £\  of  approximately  0.08.  Since  Pt/OMC  has  a  larger 
surface  area  than  PtRu-black,  a  maximum  in  Cdi  for  Pt/OMC  would 
be  observed  above  an  £\  of  0.08.  The  value  for  £\  in  this  investigation 
ranged  from  0.053  to  0.08.  The  gradual  decrease  in  Rcl  with  £\  is 
obvious  from  Eq.  (1). 

In  conjunction  with  the  results  shown  in  Fig.  5(d),  the  results 
given  in  Fig.  7(b)  means  that  the  best  performance  of  the  Pt/OMC 
cathodes  is  obtained  at  high-ionic  resistance  of  the  catalyst  layer 


Table  3 

Ionic  resistance  and  double-layer  capacitance  at  70  °C  for  Pt/OMC-based  catalyst 
layers 


and  vice  versa.  Hence,  ionic  conduction  was  less  important  for  the 
performance  of  the  cathode  in  the  range  of  £\  that  is  investigated. 
Compared  with  proton  and  electron  conduction,  the  mass  transport 
of  oxygen/water  is  a  decisive  factor  for  the  cathode  performance. 

Fig.  8  presents  the  impedance  of  the  catalyst  layers  studied 
in  this  work  measured  at  70  °C  and  various  current  densities  of 
100,  200  and  300  mA  cm-2.  At  all  the  current  densities,  the  cath¬ 
ode  impedance  is  higher  for  higher  ionomer  contents.  Comparing 
uncompressed  and  compressed  MEAs,  a  difference  is  evident  at 
high  current  density.  At  100  mA  cm-2,  compressed  and  uncom¬ 
pressed  MEAs  do  not  show  any  difference;  at  200  and  300  mA  cm-2, 
however,  the  compressed  MEA  has  a  much  higher  impedance  than 
the  uncompressed  MEA. 


M18-U 

M18-C 

M30-U 

M30-C 

M45-U 

M45-C 


M18-U 

M18-C 

M30-U 

M30-C 

M45-U 

M45-C 


Z'  (ncm2) 


Fig.  8.  Cathode  impedance  of  Pt/OMC-based  catalyst  layers  at  70  °C  and  at  various 
current  densities:  (a)  100  mA cm-2,  (b)  200  mA cm-2  and  (c)  300  mA cm-2. 
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Fig.  9.  Comparison  of  I-V  polarization  at  70  °C  of  Pt/OMC  catalyst  (6  mg  cm-2 )  and 
unsupported  Pt-black  (2  mg  cm-2)  (cathode  feed:  air,  anode  feed:  1  M  CH3OH,  stoi¬ 
chiometry  for  cathode:  3  and  stoichiometry  for  anode:  3). 

The  instability  at  low  frequencies  becomes  more  significant  with 
increase  in  ionomer  content,  which  reconfirms  a  significant  mass- 
transport  limitation  at  high  ionomer  content,  as  expected  from 
I-V  polarization  results.  Local  depletion  of  oxygen  in  the  catalyst 
layer,  due  to  the  limited  mass  transport,  may  be  responsible  for  the 
instability.  Microscopic  explanation  for  the  mass-transport  limi¬ 
tation  can  be  made  in  terms  of  the  pore  structure  of  OMC.  If  the 
ionomer  blocked  the  entrance  or  filled  the  inside  of  the  mesopore, 
mass  transport  through  the  mesopore  would  be  significantly  lim¬ 
ited.  Mass-transport  limitation  for  the  OMC-based  catalyst  was  also 
reported  by  Ding  et  al.  [14].  A  PtRu  catalyst  on  a  OMC  was  found  to 
give  unsteady  behaviour  during  methanol  oxidation  at  high  cur¬ 
rent  densities,  and  this  behaviour  was  speculatively  explained  by 
the  unsteady  transport  of  reactants,  intermediates  and  ions  in  the 
long  narrow  pores  of  the  OMC. 

3.5.  Comparison  of  power  performance  of  Pt/OMC-based  and 
Pt-black-based  catalyst  layers 

The  I-V  polarization  behaviour  of  a  M18-U  catalyst  layer  at  a 
loading  level  of  2  mg  cm-2  and  a  catalyst  layer  based  on  Pt-black 
catalyst  at  a  loading  of  6  mg  cm-2  is  compared  at  Fig.  9.  The  thick¬ 
ness  of  the  catalyst  layer  for  the  M18-U  and  Pt-black  catalysts 
is  70  and  45  [Jim,  respectively.  The  MEAs  have  identical  compo¬ 
nents,  except  the  cathode  catalyst  layer.  The  M18-U  catalyst  delivers 
higher  power  at  high  voltages  (>0.4  V)  and  lower  power  density  at 
low  voltages  (<0.4  V)  than  the  Pt-black-based  cathode.  Since  cat¬ 
alytic  activity  governs  the  electrochemical  reaction  rate  at  the  high 
voltages  (activation  region),  the  higher  power  density  for  Pt/OMC 
indicates  that  2  mg  cm-2  of  Pt/OMC  gives  higher  catalytic  activity 
than  6  mg  cm-2  of  Pt-black,  which  is  of  practical  importance.  With 
the  introduction  of  an  OMC  support,  the  Pt  loading  in  the  cath¬ 
ode  can  be  reduced  to  one-third  of  Pt-black-based  catalyst  layer, 
without  any  negative  effect  on  power  performance,  and  this  would 
significantly  contribute  to  cost  reduction  of  MEAs.  The  lower  power 
density  for  the  Pt/OMC  catalyst  layer  at  high-current  density  indi¬ 
cates  that  the  mass-transport  limitation  is  greater  than  that  for  the 
Pt-black-based  catalyst  layer. 

4.  Conclusions 

A  high-performance  catalyst  layer  based  on  a  Pt/OMC  cata¬ 
lyst  has  been  developed.  The  observed  power  characteristics  can 
be  successfully  described  according  to  an  agglomerate  model.  An 


increase  in  the  Nation®  volume  fraction  in  the  agglomerate  leads  to 
a  decrease  in  power  performance,  which  indicates  that  it  is  not  ionic 
transport  through  the  catalyst  layer  but  oxygen  diffusion  through 
the  ionomer  phase  in  the  aggregate  that  governs  the  kinetics  of 
oxygen  reduction.  A  comparison  of  the  uncompressed  and  the  com¬ 
pressed  catalyst  layer  indicates  that  macropores  in  the  catalyst  layer 
are  also  important  for  facile  mass  transport.  Impedance  spectro¬ 
scopic  investigations  support  this  consideration.  It  is  found  that  the 
optimum  Pt/OMC  catalyst  layer  with  2  mg  cm-2  of  platinum  gener¬ 
ates  higher  power  than  a  conventional  unsupported  catalyst  with 
6  mg  cm-2. 
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